US011314418B2

a2 United States Patent (10) Patent No.: US 11,314,418 B2

Koul et al. 45) Date of Patent: Apr. 26, 2022
(54) EXTENSIBLE STORAGE SYSTEM AND (56) References Cited
METHOD

U.S. PATENT DOCUMENTS

(71) Applicant: Western Digital Technologies, Inc.,
6,282,610 Bl 8/2001 Bergsten

San Jose, CA (US) 7,574,555 B2 8/2009 Porat et al.

(72) Inventors: Rajesh Koul, San Jose, CA (US); (Continued)
Rodney N. Mullendore, San Jose, CA
(US); James J. Walsh, Santa Clara, CA OTHER PUBLICATIONS

Uus
(US) Patrizio, “New Mosaid SSD Packs Two Terabytes Into a Single

(73) Assignee: Western Digital Technologies, Inc., SATA Flash Drnive,” Aug. 22, 2012, retrieved from http://www.
San Jose, CA (US) notebookreview.com/news/new-mosaid-ssd-packs-two-terabytes-
j into-a-single-sata-tflash-drive/, 2 pages.

(*) Notice: Subject to any disclaimer, the term of this (Continued)
patent 1s extended or adjusted under 35

U.S.C. 154(b) by 0 days.
Primary Examiner — Thomas J. Cleary

(21) Appl. No.: 17/210,277 (74) Attorney, Agent, or Firm — Morgan, Lewis &

Bockius LLP
(22) Filed: Mar. 23, 2021

(65) Prior Publication Data (37) ABSTRACT

US 2021/0208739 Al Jul. 8, 2021 A storage system controller chip includes routing circuitry

comprising a host interface for coupling to a host device and
an extension interface for coupling to a secondary controller

(63) Continuation of application No. 16/821,918, filed on chip. A host controller 1s coupled to a logical interface of the
Mar. 17, 2020, now Pat. No. 10,990,293, which is a routing circuitry for receiving a host data access command

Related U.S. Application Data

(Continued) from the host device via the host interface and logical

interface. The routing circuitry transiers the host data access

(51) Int. CL. command to the secondary controller chip via the extension
GO6F 3/06 (2006.01) interface. The storage system controller chip further
GO6F 13/10 (2006.01) includes processor circuitry coupled to the logical interface
GO6EF 13/40 (2006.01) of the routing circuitry. The processor circuitry receives an

(52) U.S. CL indication from the secondary controller chip via the exten-
CPC GOG6F 3/0613 (2013.01); GO6F 3/0607 sion 1nterface that execution of the host data access com-

(2013.01); GO6F 3/0659 (2013.01): mand has been completed by the secondary controller chip
j j and 1nstructs the host controller to notily the host device that

Continued :
_ _ ( _ ) execution of the host data access command has been com-
(58) Field of Classification Search pleted
CPC ...... GO6F 3/061; GO6F 3/0611; GO6F 3/0613;
GO6F 3/0619; GO6F 3/0655;
(Continued) 20 Claims, 4 Drawing Sheets
290 E—v HOST j 200
] zﬁa[ up - 2526i UP ]
CONTROLLER | o 7543 . CONTROLLER e gl
o SWITCH ; L éﬁ‘ww e SWITCH F
i p : p
250a PP 250b ek
i LOGICAL DP | | LOGICAL DP
A L OSICALOP |
o 220 T
proresson < USSR | Frocesson. o e
b | J—1
{Ziﬂa HOST i ] : 230k HOST
E CONTROLLER | CONTROLLER
i ..rmamz“.v .J---WEEEF»
- . i :
E | HOST CONMMAND § HOST COMMAND It
t FETCH FETCH g
| | S ;
| | HOST COMMAND 1 ] : [ HOST COMIMAND |
| | COMPLETION | | | { . COMPLETION |
; %
.. Y S, S
sane i  MEDIA ; I—_ MEDIA |
a i :
: CONTROLLER | 2405 | camnmtfng
q.h_._ﬂmwm.__ﬂ.mq._qh.m.w_..W..g.m-.m.dﬁqmmwwmwﬁ e cemneen e U S .qm%.:.m_._._ﬂ...ﬁ..h e bRt ARt e
E STORAGE “ 4703 STORAGE
MEDIA | 2706 L MEDIA




US 11,314,418 B2
Page 2

(60)

(52)

(58)

(56)

7,934,032 B1*

7,979,662 B2

Related U.S. Application Data

continuation of application No. 16/452,463, filed on
Jun. 25, 2019, now Pat. No. 10,642,503, which 1s a
continuation of application No. 15/662,170, filed on

Jul. 27, 2017, now Pat. No. 10,372,346.

Provisional application No. 62/368,938, filed on Jul.
29, 2016.

U.S. CL
CPC GO6F 3/0664 (2013.01); GO6L 3/0683

(2013.01); GO6F 3/0688 (2013.01);, GO6F
137102 (2013.01); GO6I’ 13/4045 (2013.01);

Y02D 10/00 (2018.01)

Field of Classification Search
CPC ...... GO6F 3/0658; GO6F 3/0659; GO6F 3/067;
GO6F 3/0683; GO6F 3/0685; GO6F
3/0686; GO6F 3/0688; GO6F 3/0689:
GO6F 13/102; GO6F 13/12; GO6F 13/16:
GO6F 13/1668; GO6F 13/1684; GO6F
13/4004; GO6F 13/4022; GO6F 13/4027:
GO6F 13/4045; YO02D 10/00; YO2D 10/14

See application file for complete search history.

References Cited

U.S. PATENT DOCUMENTS

GOO6F 13/4022
710/104

4/2011 Sardella

iiiiiiiiiiiiii

7/2011 Perry

8,244,961
10,372,346
10,394,747
10,642,503
10,990,293
11,086,813

2004/0193824
2005/0071559
2005/0086413
2008/0174344

2008/0228994
2010/0153635
2011/0167201
2013/0311696
2014/0132835

2014/0310441
2015/0242128
2015/0324312

2016/0154765

2016/0295732

8/2012
8/2019
8/2019
5/2020
4/2021
| * 0 8/2021
9/2004
3/2005
4/2005
L* 7/2008

9/2008
6/2010
7/2011
11/2013
1* 52014

10/2014
8/2015
L* 11/2015

A A A A A

Al*  6/2016

Al* 10/2016

[Luo et al.
Koul

Paneah
Koul
Koul
Schuette
Johnson

Tamura

[.ee et al.
Brown

ttttttttttttttttt

ttttttttttttttttttttt

ttttttttttttt

tttttttttttttttttt

Lu et al.
[.aPanse et al.

Klughart
Margalit et al.
Jacobson

iiiiiiiiiiii
iiiiiiiiiiiiiiiiiiii

tttttttttttttttt

OTHER PUBLICATTONS

GO6F 13/404

GO6F 3/0659
GOO6F 13/4022

.. HO4J 3/047
327/108

GOo6F 1/1632
348/465

GOO6F 13/4221
710/104
GOO6F 13/4295
710/302
HOSK 7/1477

Tavakkol e al., “Design for scalability in enterprise SSDs.” Pro-

ceedings of the 23rd International Conference on Parallel Architec-
ture and Compilation, 2014, pp. 417-430.

* cited by examiner



U.S. Patent Apr. 26, 2022 Sheet 1 of 4 US 11,314,418 B2

§ 190a f 190b

100b
R — e
S S-SR 2 [ o ¥ A 128b
 CONTROLLER }¢ | CONTROLLER
___________________________ 150a 150b 160b
STORAGE STORAGE STORAGE
MEDIA MEDIA
 STORAGE SYSTEM. STORAGE SYSTEM o
FIG. 1B
FIG. 1A

STORAGE | | STORAGE | | STORAGE
MEDIA | | MEDIA | | MEDIA

L, ] ko N T R W B T L, N R, T T T L T, B, BB T




US 11,314,418 B2

Sheet 2 of 4

Apr. 26, 2022

U.S. Patent

TVNDIDIS

ONIddVHLS |

d3TT10HINOD

2 dN 1V

q097

23,

VIG3aN
1OVHOLS

IH
»
-

VIGIN |

VING
J37T1081LNOD

LSOH GOEZ

"aa TVoI50T |

905¢
HIOLIMS

. q0LT

. qOrdc

Q01¢

d3T104LNOD

...............................................................................................

¢ "Old

TYNDIS

DNIddVYLS

. VIO3IW
B0/

m HOL34 m
- ONVININOD LSOH |

e i i

VIANQ

JITTIOHLNOD
150

B9sz vy
- da V21901 |

0L
d31104LNOD

.......

062



U.S. Patent Apr. 26, 2022 Sheet 3 of 4 US 11,314,418 B2

1o | PROCESS HOST DATA ACCESS |
COMMAND

TRANSFER HOST DATA
.......................... ACCESS COMMAND TO |
~ "ISECONDARY CONTROLLER
f CHIP ?

SECONDARY CONTROLLER
CHIP RESPONSIBLE?

PRIMARY CONTROLLER
CHIP RESPONSIBLE?

" HOST DATA ACCESS -
“~..COMMAND COMPLETE? .~

NOTIFY HOST DEVICE | 3870
FIG. 3



U.S. Patent Apr. 26, 2022 Sheet 4 of 4 US 11,314,418 B2

HOST




US 11,314,418 B2

1

EXTENSIBLE STORAGE SYSTEM AND
METHOD

This application 1s a continuation of application Ser. No.
16/821,918, filed on Mar. 17, 2020, now U.S. Pat. No.
10,990,293, which 1s a continuation of application Ser. No.
16/452,465, filed on Jun. 25, 2019, now U.S. Pat. No.
10,642,503, which 1s a continuation of application Ser. No.
15/662,170, filed on Jul. 27, 2017, now U.S. Pat. No.
10,372,346, which claims the beneﬁt of U.S. Provisional

Application No. 62/368,938, filed on Jul. 29, 2016, the
entirety of each of which 1s 111eerperated herein by reference

BACKGROUND

Solid-state drives (SSDs) are used in a many different
types ol applications. These diflerent applications may
require diflerent storage capacities as well as diflerent per-
formance levels. SSD controllers typically have been devel-
oped for particular applications, resulting in different SSD
controllers being developed for each type of application.
However, SSD controller development costs can be high 1n
terms of both time and money. High costs may limit the
development of SSD controllers to a small group of appli-
cations and therefore may leave less popular applications
with sub-optimal SSD controller solutions.

SUMMARY

According to aspects of the subject technology, a method
1s described which includes receiving a host data access
command at a primary controller chip coupled to a host
device via a primary host interface of the primary controller
chip and transferring the host data access command from the
primary controller chip to a secondary controller chip
coupled to the primary controller chip via an extension
interface of the primary controller chip. The method further
includes receiving an indication from the secondary con-
troller chip that execution of the transferred host data access
command by the secondary controller chip has been com-
pleted and notifying the host device, 1in response to the
recetved indication, that execution of the host data access
command has been completed.

According to aspects of the subject technology, a storage
system controller chip includes routing circuitry comprising
a host interface configured to be coupled to a host device and
an extension interface configured to be coupled to a sec-
ondary controller chip. The storage system controller chip
turther 1includes a host controller coupled to a logical inter-
tace of the routing circuitry, the host controller configured to
receive a host data access command from the host device via
the host interface and the logical interface of the routing
circuitry. The routing circuitry 1s further configured to
transfer the host data access command to the secondary
controller chip wvia the extension interface. The storage
system controller chip further includes a media controller
coupled to the host controller and configured to transfer data
between the storage system controller chip and storage
media coupled to the media controller based on the recerved
host data access command. The storage system controller
chup further includes processor circuitry coupled to the
logical interface of the routing circuitry. The processor
circuitry 1s configured to receive an indication from the
secondary controller chip via the extension interface that
execution of the host data access command has been com-
pleted by the secondary controller chip and 1nstruct the host
controller, 1n response to the recerved indication, to notily
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2

the host device that execution of the host data access
command has been completed.

According to aspects of the subject technology, a data
storage system includes a primary controller chip compris-
ing a first host interface configured to be coupled to a host
device and a first extension interface. The data storage
system further includes first storage media coupled to the
primary controller chip. The data storage system further
includes a secondary controller chip comprising a second
host interface coupled to the extension interface of the
primary controller chip and a second extension interface.
The data storage system further includes second storage
media coupled to the secondary controller chip. The primary
controller chip 1s configured to receive a host data access
command from a host device via the first host interface and
transfer the host data access command to the secondary
controller chip. The primary controller 1s further configured
to recerve an indication from the secondary controller chip
that execution of the transferred host data access command
has been completed for data 1n the second storage media and
notily the host device, 1n response to the received indication,
that execution of the host data access command has been
completed. The secondary controller chip 1s configured to
receive the host data access command from the primary
controller chip, execute the host data access command for
the data 1n the second storage media, and notify the primary
controller chip that the host data access command has been
completed.

According to aspects of the subject technology, a storage
system controller 1s described that includes means for
receiving a host data access command at a primary control-
ler chip coupled to a host device via a primary host interface
of the primary controller chip and means for transierring the
host data access command from the primary controller chip
to a secondary controller chip coupled to the primary
controller chip via an extension interface of the primary
controller chip. The storage system controller further
includes means for receiving an idication from the second-
ary controller chip that execution of the transferred host data
access command by the secondary controller chip has been
completed and means for notifying the host device, 1n
response to the received indication, that execution of the
host data access command has been completed.

BRIEF DESCRIPTION OF THE

DRAWINGS

Certain features of the subject technology are set forth 1n
the appended claims. However, for purpose of explanation,
several embodiments of the subject technology are set forth
in the following figures.

FIGS. 1A, 1B and 1C are block diagrams illustrating
components of data storage systems according to aspects of
the subject technology.

FIG. 2 1s a block diagram illustrating components of a
data storage system according to aspects ol the subject
technology.

FIG. 3 includes a flowchart illustrating a process for
processing host data access commands according to aspects
of the subject technology.

FIG. 4 1s a block diagram depicting components of a
controller chip according to aspects of the subject technol-

0gy.
DETAILED DESCRIPTION

The detailed description set forth below 1s intended as a
description of various configurations of the subject technol-
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ogy and 1s not intended to represent the only configurations
in which the subject technology may be practiced. The
appended drawings are incorporated herein and constitute a
part of the detailed description. The detailed description
includes specific details for the purpose of providing a
thorough understanding of the subject technology. However,
the subject technology 1s not limited to the specific details
set forth herein and may be practiced using one or more
implementations. In one or more nstances, structures and
components are shown in block diagram form in order to
avoid obscuring the concepts of the subject technology.

The subject technology ofiers a cost and power eflicient
way to scale data storage system (e.g., SSD) capacity and
performance using extensible controller chips. Development
resources may be focused on a single controller chip design
that 1s configured to allow capacity and/or performance to be
scaled based on the number of controller chips incorporated
into a data storage system. The controller chip design
tacilitates interconnection of controller chips without requir-
ing the cost and power consumption of separate interconnect
chups, while presenting the overall data storage system to a
host device as a single data storage system regardless of the
number of controller chips used 1n the data storage system.

FIG. 1A 1s a block diagram illustrating components of a
data storage system according to aspects ol the subject
technology. FIG. 1A depicts data storage system 100a,
which includes controller chip 110a and storage media 150aq,
coupled to host device 190a. Briefly, controller chip 110a 1s
configured to receive data access commands from host
device 190a and execute the data access commands. For
example, the data access commands may include write
commands 1n which host device 190a provides host data to
controller chip 110a, which writes the host data to storage
media 150a, and read commands 1n which controller chip
1104 reads requested host data from storage media 150q and
provides the read host data to host device 190a.

Controller chip 110a 1s coupled to host device 190q via a
host interface. The host interface includes electrical and
physical components to facilitate the coupling and commu-
nication of data and associated data access commands
between controller chip 110a and host device 190a. Other
signals and information may be communicated via the host
interface to manage the connection between controller chip
110a and host device 190a. The host interface may 1mple-
ment a standard 1nterface protocol, such as Peripheral Com-
ponent Interconnect-Express (PCle), Serial Attached SCSI
(SAS), Serial AT Attachment (SATA), etc., or a proprietary
interface protocol.

Storage media 1350a represents solid-state memory
according to aspects of the subject technology. For example,
storage media 150a may be mmplemented using flash
memory, such as NAND flash memory. While depicted in
FIG. 1A as a single component or chip of data storage
system 100q, storage media 150a may be implemented
using multiple storage media components or chips. Multiple
storage media components or chips may be arranged 1n
channels managed by controller chip 110a. Each channel
may include a single component or chip of storage media or
multiple components or chips of storage media. The avail-
able data throughput that controller chip 110a can provide
may be constrained by the rate at which imndividual compo-
nents of storage media 150a can process data accesses as
well as the number of components of storage media 150a
that are able to receive and executed data access commands
in parallel, either on a single channel or across multiple
channels.
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Furthermore, the capacity of data storage supported by
controller chip 110a 1s limited by the capacity of storage
media 150q, either as a single component or chip or as
multiple components or chips arranged 1n multiple physical
channels. Fach component of storage media 150a may
include an array of physical memory cells, such as flash
memory cells, arranged into physical blocks each physical
block containing one or more physical pages. Using indi-
rection tables, controller chip 110a maps logical addresses
used by host device 190q to reference host data to physical
addresses of storage media 150a to keep track of where the
host data 1s written within storage media 150a. Accordingly,
the amount of memory accessible to host device 190a via
controller chip 110aq 1s limited by the physical capacity of
available memory cells of storage media 150a.

For applications that may require more data capacity or
higher data throughput than i1s available from a single
instance of controller chip 110a, the subject technology
utilizes additional instances of controller chip 110a with
respective additional instances of storage media 150a. For
example, FIG. 1B 1s a block diagram depicting components
of data storage system 1006 according to aspects of the
subject technology. As depicted in FIG. 1B, data storage
system 1005 includes primary controller chup 11056 and
secondary controller chip 1205, coupled to primary storage
media 15056 and secondary storage media 1605, respectively.
Primary controller chip 1105 and secondary controller chip
1206 represent two 1nstances of controller chip 110aq
described with respect to FIG. 1A. Similarly, primary stor-
age media 1505 and secondary storage media 1606 represent
two 1nstances of storage media 150a described above with
respect to FIG. 1A.

Similar to controller chip 110a represented in FIG. 1A,
primary controller chip 11056 1s coupled to host device 19056
via a host interface. To provide extensibility to primary
controller chip 1105, as well as secondary controller chip
1205, an extension interface 1s added to the controller chip
design. As with the host interface, the extension interface
includes electrical and physical components to facilitate the
coupling and communication of data and associated data
access commands between primary controller chip 1105 and
secondary controller chip 1205. Other signals and informa-
tion may be communicated via the extension interface to
manage the connection between primary controller chip
1105 and secondary controller chip 12064.

As depicted 1n FIG. 1B, the host iterface of secondary
controller chip 1205 1s coupled to the extension interface of
primary controller chip 1105. Accordingly, the extension
interface implements an interface protocol that 1s at least
compatible with the interface protocol implemented by the
host 1nterface and 1n many instances 1s the same interface
protocol (e.g., PCle, SAS, SATA). However, data storage
system 1005 presents a single host iterface to host device
1906 even though the system includes two instances of the
controller chip and associated storage media. In order to take
advantage of the two controller chips and the increased data
storage capacity provided by storage media 1505 and 1605,
the host interface may be implemented with a higher band-
width than the extension interface. For example, the host
interface may be implemented with PCle x8 while the
extension interface may be implemented with PCle x4,
allowing the full bandwidth of the host interface coupling
host device 1906 to data storage system 1005 to be split
between primary controller chip 1106 and secondary con-
troller chup 1205. The difference between the bandwidths
available via the host interface and the extension interface
may be even larger than that described in the example above
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to provide bandwidth space for additional controller chips
and associated storage media to be incorporated into a data
storage system, similar to that shown in FIG. 1C described
below. For example, the host interface may be implemented
with PCle x32 and the extension interface at PCle x4,

leavmg bandwidth available for as many as eight Controller
chips and associated storage media connected in the manner
shown 1n FIG. 1B. In one or more examples, a bandwidth of
the host interface 1s greater than a bandwidth of the logical
interface and a bandwidth of the extension interface. Thus,

the bandwidth of the host interface may be equal to or
greater than the sum of the bandwidth of the logical interface
and the bandwidth of the extension interface.

FIG. 1C 1s a block diagram depicting components of data
storage system 100c¢ according to aspects of the subject
technology. Similar to the arrangement depicted 1n FIG. 1B,
data storage system 100c¢ incorporates multiple instances
controller chips with associated storage media to increase
the available data storage capacity for host device 190c¢. In
particular, data storage system 100c¢ includes primary con-
troller chip 110¢, secondary controller chip 120¢ and tertiary
controller chip 130c¢, each corresponding to an instance of
controller chip 110a described above. The coupling of
secondary controller chip 120¢ and tertiary controller chip
130c 1s similar to that described above with respect to
primary controller chip 1105 and secondary controller chip
1206 shown 1n FIG. 1B.

Along these lines, primary storage media 150¢, secondary
storage media 160c¢ and tertiary storage media 170c¢ corre-
spond to instances of storage media 150a described above
with respect to FIG. 1A. Primary storage media 150c,
secondary storage media 160c¢ and tertiary storage media
170c may be 1dentical in arrangement and capacity, or may

vary 1n either or both arrangement and capacity within the
scope of the subject technology.

As 1llustrated 1n FIGS. 1A, 1B and 1C, a single design for
a controller chip can be used to provide extensibility to data
storage system design. Using these arrangements, data stor-
age systems can be cost eflectively designed to increase
available data storage capacity needs for varying applica-
tions and provide increased throughput by splitting respon-
sibility for host data from a host device among the coupled
controller chips and associated storage media, which 1s
described in further detail below.

Turning to FIG. 2, a block diagram i1s provided which
illustrates components of data storage system 200 according
to aspects of the subject technology. Data storage system
200 1s configured similar to data storage system 1005
described above with respect to FIG. 1B. In particular, data
storage system 200 includes primary controller chip 210q
coupled to host device 290 via a host interface and to
secondary controller chip 2106 via an extension interface.
Primary controller chip 210aq 1s further coupled to first
storage media 270a while secondary controller chip 21056 1s
coupled to second storage media 2705. In this manner, data
storage system 200 has been scaled up using primary
controller chip 210a and secondary controller chip 2105 to
increase the available data storage capacity using first stor-
age media 270q and second storage media 2705 and well as
increase the possible throughput of the system using the two
controller chips and associated storage media 1n parallel.

According to aspects of the subject technology, primary
controller chip 210a includes processor circuitry 220qa, host
controller 230a and media controller 240a. Processor cir-
cuitry 220aq may be configured to implement state machines
and/or execute sequences of instructions (e.g., firmware) to
manage the operations of primary controller chip 210a. The

10

15

20

25

30

35

40

45

50

55

60

65

6

operations may include responding to host data access
commands, background maintenance of storage media 270q
(e.g., garbage collection), maintain indirection tables, main-
tain operation metric tables for storage media 270a, efc.
Processor circuitry 220a may be implemented using a single
processing core or multiple processing cores.

As depicted in FIG. 2, host controller 230a includes a
direct memory access (DMA) module, a host command
fetch module and a host command complete module. Each
of these modules may be implemented with hardware cir-
cuitry or a combination of hardware circuitry and processor
circuitry executing sequences of mstructions (e.g., firmware)
to perform operations described herein. For example, the
host command fetch module may fetch a host data access
command from host 290 upon receiving an indication that a
host data access command 1s ready for processing. The
DMA module may be programed to transfer data between
host device and components within primary controller chip
210a. For example, the DMA module may transfer data from
host device 290 to media controller 240a during the execu-
tion of a write data access command and from media
controller 240a to host device 290 during the execution of a
read data access command. The DMA module may access
one or more builers within primary controller chip 210a to
temporarily store data during the execution of data access
commands or other memory-related operations. The bullers,
not 1llustrated 1n the figure, may be incorporated 1nto pro-
cessor 220a, host controller 230a, and/or media controller
240a. Alternatively, one or more bullers may be separate
from these different components within primary controller
chip 210a.

Media controller 240a may be implemented with hard-
ware circuitry or a combination of hardware circuitry and
processor circulitry executing sequences ol nstructions (e.g.,
firmware) to perform operations described herein. Media
controller 240a writes data to storage media 270a 1n
response to receiving write commands and reads data from
storage media 270a 1n response to receiving read com-
mands. During execution of read and write operations,
media controller 240 may provide commands, addresses
and data to storage media 270a and may receive data and
status indicators from storage media 270a. The subject
technology 1s not limited to any particular protocols for
communications between media controller 240qa and storage
media 270a.

According to aspects of the subject technology, primary
controller chip 210a 1s designed to include routing circuitry
to facility the connection of additional controller chips 1n a
daisy chain configuration, for example, such as that shown
in FIGS. 1B and 1C. In the example 1llustrated 1n FIG. 2, the
routing circuitry 1s represented at least in part by switch
250a. As depicted, switch 250a includes upstream port (UP)
252a, downstream port (DP) 254a and logical DP 2356a4. In
this example UP 252a corresponds to the host interface
described above and 1s used to couple switch 250a to host
device 290. DP 2544 corresponds to the extension interface
described above and 1s used to couple switch 250a to
secondary controller chip 2105.

Logical DP 256a provides a port for the internal compo-
nents of primary controller chip 2104 to be coupled to switch
250a, via logical UP 260a. Logical DP 256a and logical UP
260a provide similar functionality as that provided by UP
252a and DP 2354a within the protocols used for the host
interface and extension interface (e.g., PCle, SAS, SATA).
However, logical DP 256a and logical UP 260a may not
include physical interconnect components used to physically
couple another chip to primary controller chip 210a. Rather,
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logical DP 256a and logical UP 260a may include logical
circuitry to couple the internal components of primary
controller chip 210qa to switch 250a to allow the exchange of
packets between primary controller chip 210a, secondary
controller chip 2105 and host device 290 according to the
processes described herein.

The components of primary controller chip 210a are
shown with interconnections represented by double-ended
arrows. The components of primary controller chip 210a
may communicate data, instructions and control signals
using one or more 1mternal buses. The buses may correspond
to the arrangement of the double-ended arrows. However,
the subject technology 1s not limited to the arrangement
shown 1n FIG. 2 and may be implemented using other
numbers and configurations of buses to interconnect the
components of primary controller chip 210a.

According to aspects of the subject technology, primary
controller chip 210a represents a chip package comprising
one or more die encapsulated with external connectors for
the host interface and extension interface described above,
the interface between media controller 240a and storage
media 270a, as well as other power and control signals that
may be used in the operation of primary controller chip
210a. The components of primary controller chip 210a may
be incorporated onto a single die, or the components may be
implemented using two or more die interconnected within
chip packaging to present a multi-die or multi-chip module
as a single chip module. The inclusion of the routing
circuitry, in the form of switch 250q 1n this example, within
primary controller chip 210a allows multiple controller
chips to be interconnected (e.g., daisy-chained) without
requiring the use of interconnection chips or other forms of
interconnection hardware to {facilitate communications
between the controller chips.

Similar to primary controller chip 210a, secondary con-
troller chip 21056 includes processor circuitry 2205, host
controller 2305, media controller 2405 and switch 2505.
Switch 2506 includes UP 2525, DP 2545 and logical DP 256,
which interfaces with logical UP 2605. In the depicted
arrangement, media controller 24056 1s coupled to storage
media 27056 and UP 235256 of switch 2506 1s coupled to
primary controller 210a. The components of secondary
controller chip 2105 correspond to the commonly named
components within primary controller chip 210a, whose
operations and configurations are described above and will
not be repeated here.

FIG. 3 includes a flowchart illustrating a process 300 for
processing host data access commands according to aspects
of the subject technology. For explanatory purposes, the
example process 300 1s described herein with reference to
components discussed above with respect to FIG. 2; how-
ever, the example process 300 1s not limited to the compo-
nents and arrangement represented in FIG. 2. Further for
explanatory purposes, the blocks of the example process 300
are described herein as occurring in serial, or linearly.
However, multiple blocks of the example process 300 may
occur 1n parallel. In addition, the blocks of the example
process 300 need not be performed in the order shown
and/or one or more of the blocks of the example process 300
need not be performed.

In block 310, a host data access command 1s recerved by
a primary controller chip from a host device coupled to the
primary controller chip. The host device may be coupled to
the primary controller chip via a host interface. The host data
access command may be fetched from the host device by a
host controller of the primary controller chip 1n response to
receiving an indication from the host device that a host data
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access command 1s available for processing. The indication
may be a value written to a register associated with the host
controller by the host device.

According to aspects of the subject technology, the pri-
mary controller chip may be configured to be the only
controller chip visible to the host device. For example, a
strapping option such as that available under Non-Volatile
Memory Express (NVMe) may be used to set the primary
controller chip to be visible to the host device while leaving
a secondary controller chip coupled to the primary controller
chip via an extension interface of routing circuitry invisible
to the host device. As represented 1n FIG. 2, an optional
strapping signal to each of the logical UP 260a in the
primary controller chip and the logical UP 2606 in the
secondary controller chip may set high or low depending on
desired wvisibility. Under this configuration, the primary
controller chip receives the indication of a new host data
access command being available for processing and fetches
the host data access command.

In block 320, the host data access command 1s processed/
interpreted by processor circuitry of the primary controller
chip. For example, the processor circuitry may parse the host
data access command to determine a type of command and
the logical addresses of the data referenced by the host data
access command. For example, the host data access com-
mand may be processed to determine that the command 1s a
read or a write command, as well as identity the logical
addresses of the host data to be written to the data storage
system or read from the data storage system.

In block 330, the processor circuitry of the primary
controller chip determines whether the secondary controller
chip 1s responsible for any of the data referenced 1n the host
data access command. This determination may be based on
a division of the range of logical addresses used by the host
device to identify data. For example, each of the primary
controller chip and the secondary controller chip may be
assigned a particular range of logical address for host data.
The processor circuitry may compare the logical addresses
parsed from the host data access command against the
assigned ranges ol logical addresses to determine if the
secondary controller chip i1s responsible for any of the
referenced data. The assigned ranges may be based on a
modulo operation that automatically assigns logical
addresses based on the results of a modulo operation per-
formed on the logical address parsed from the host data
access command. In the simple example of two controller
chips, the primary controller chip and the secondary con-
troller chip, even logical addresses may be assigned to one
while odd logical addresses may be assigned to the other.
Alternatively, namespaces such as NVMe namespaces may
be assigned to respective controller chips and namespaces
parsed from host data access commands may be used to
identify which controller chip 1s responsible for at least
some of the data referenced in the host data access com-
mand.

If the secondary controller chip 1s determined to be
responsible for any portion of the data referenced 1n the host
data access command in block 330, the host data access
command may be transferred to the secondary controller
chip via an extension interface of routing circuitry in the
primary controller chip 1n block 340. The transferred host
data access command may be modified by the primary
controller chip to reference only data for which the second-
ary controller chip i1s responsible prior to transfer to the
secondary controller chip. The secondary controller chip
may be instructed to execute the transierred host data
command by the primary controller chip. The instruction
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received from the primary controller chip may cause the
secondary controller chip to skip the operation of determin-
ing which controller chip 1s responsible for the data refer-
enced 1n the host data access command since that operation
was already performed by the primary controller chip. 5
Alternatively, the secondary controller chip may be config-
ured to skip that determination based on the strapping option
discussed above for designating a primary controller chip
and a secondary controller chip or some other configuration
setting. 10

The controller chip design used for the primary controller
chip and the secondary controller chip may include addi-
tional Base Address Register (BAR) space for each of the
controller chips to access the other’s internal registers and
other hardware structures typically not accessible in con- 15
ventional controller chip designs. The ability to access and
set 1nternal registers on the other controller chip may allow
for the primary controller chip to notily the secondary
controller chip of the host data access command for which
the secondary controller chip 1s at least partially responsible 20
for the referenced data 1n a manner similar to that used by
the host device with the primary controller chip, as well as
allowing the secondary controller chip to update the status of
the host data access command 1n the primary controller chip.

In block 350, the primary controller chip may determine 25
whether 1t 1s responsible for any of the data referenced 1n the
host data access command. This determination mimics the
process discussed above with respect to the secondary
controller chip 1n block 330 and may be done 1n parallel with
that process. 30

In block 360, the host data access command 1s executed
by the primary controller chip. Similar operations occur with
respect to the secondary controller chip 1f portions of the
referenced data are the responsibility of the secondary
controller chip. For a host data access command to write 35
data to storage media, the DMA module of the host con-
troller 1s instructed to transier the data referenced 1n the host
data command from the host device to the media controller,
which subsequently writes the transterred data to the storage
media. For a host data access command to read data from the 40
storage media, the media controller 1s mstructed to read the
requested data from the storage media and place the read
data in a bufler for temporary storage. The DMA module of
the host controller 1s then instructed to transter the read data
to the host device. 45

According to aspects of the subject technology, the sec-
ondary controller chip transfers data to and from the host
device via the routing circuitry of the primary controller chip
while executing host data access commands. This routing of
data to and from the host device may not require the direct 50
involvement of the processor circuitry, the host controller or
the media controller of the primary controller chip allowing
those components to complete the host data access com-
mands for which the primary controller chip 1s determined
to be responsible with minimal interruption. 55

In block 370, the primary controller chip determines 1t
execution of the host data access command has been com-
pleted. The host controller must determine 1f the host data
access command has been completed for the entire range of
data referenced in the command. Accordingly, the host 60
controller of the primary controller chip must wait for an
indication from the host controller of the secondary control-
ler chip that the secondary controller chip has completed
execution of the host data access command. The host
controller of the secondary controller chip notifies the host 65
controller of the primary controller chip rather than the host
device when the secondary controller chip has completed the
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host data access command. Once all portions of the host data
access command have been completed, the host command
complete module of the host controller chip notifies the host
device of the complete host data access command.

According to aspects of the subject technology, logical
address range checking and locking may be performed prior
to execution of the host data access command. The primary
controller chip may lock the logical addresses referenced 1n
a current host data access command to prevent subsequent
host data access commands that reference at least one logical
address 1n common from being executed until the current
host data access command has been completed. Along these
lines, 1f the current host data access command references one
or more logical addresses that have been locked due to a
previous host data access command still being executed,
execution of the host data access command may be delayed
until the previous host data access command has completed.
The checking and locking may be limited with respect to the
logical addresses for which the controller chip 1s respon-
sible. Fach controller chip may implement 1ts own respec-
tive checking and locking operations to free up resources on
the primary controller chip, or the primary controller chip
can manage the checking and locking for all of the controller
chips 1n the data storage system when more than one
controller chip 1s used.

While the foregoing examples have described the primary
controller chip interpreting and processing host data com-
mands to determine responsibility for the data referenced in
the host data commands, each of the controller chips 1n a
multiple controller chip configuration of a data storage
system may perform this functionality to determine 1ts own
responsibility. Under this arrangement, the host data access
command can be transierred to each of the controller chips
in the data storage system and each respective controller
chip determines its own responsibility with respect to the
host data access command. For example, under the modulo
example mentioned above, a primary controller chip respon-
sible for odd logical addresses may determine whether the
host data access command 1ncludes odd logical addresses
and a secondary controller chip responsible for even logical
addresses may determine whether the host data access
command includes even logical addresses. Each respective
controller chip may be configured to modify host data access
commands to remove the logical addresses from the host
data access command for which the respective controller
chip 1s not responsible or even skipping processing of the
host data access command that does not include any logical
addresses for which the respective controller chip 1s respon-
sible.

FIG. 4 1s a block diagram depicting components of a
controller chip according to aspects of the subject technol-
ogy. Controller chip 410 depicted 1n FIG. 4 includes pro-
cessor circuitry 420, host controller 430 and media control-
ler 440. These components correspond to the similarly
named components described above with respect to FIG. 2,
for example. However, compared to the controller chips
depicted and described with respect to FIG. 2, controller
chip 410 includes different routing circuitry than switches
250a and 2506 shown 1n FIG. 2. In particular, controller chip
410 includes UP 450 including circuitry to implement a
standard endpoint 1n protocols such as PCle and chip-to-chip
circuitry 470 to implement the extension interface packaging
data and managing communications with another controller
chip coupled through the chip-to-chip circuitry 470. Packet
routing circuitry 460 may examine packets received and
packets sent to determine whether the packets should remain
within the controller chup or be forwarded to a host device
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based on addresses within the packets or other information
used by the protocol of the host iterface.

Implementations within the scope of the present disclo-
sure can be partially or entirely realized using a tangible
computer-readable storage medium (or multiple tangible
computer-readable storage media of one or more types)
encoding one or more 1nstructions. The tangible computer-
readable storage medium also can be non-transitory in
nature.

The computer-readable storage medium can be any stor-
age medium that can be read, written, or otherwise accessed
by a general purpose or special purpose computing device,
including any processing electronics and/or processing cir-
cuitry capable of executing instructions. For example, with-
out limitation, the computer-readable medium can include
any volatile semiconductor memory, such as RAM, DRAM,
SRAM, T-RAM, Z-RAM, and TTRAM. The computer-
readable medium also can include any non-volatile semi-
conductor memory, such as ROM, PROM, EPROM,
EEPROM, NVRAM, flash, nvSRAM, FeRAM, FeTRAM,
MRAM, PRAM, CBRAM, SONOS, RRAM, NRAM, race-
track memory, FIG, and Millipede memory.

Further, the computer-readable storage medium can
include any non-semiconductor memory, such as optical
disk storage, magnetic disk storage, magnetic tape, other
magnetic storage devices, or any other medium capable of
storing one or more instructions. In some implementations,
the tangible computer-readable storage medium can be
directly coupled to a computing device, while in other
implementations, the tangible computer-readable storage
medium can be indirectly coupled to a computing device,
¢.g., via one or more wired connections, one or more
wireless connections, or any combination thereof.

Instructions can be directly executable or can be used to
develop executable instructions. For example, instructions
can be realized as executable or non-executable machine
code or as instructions 1n a high-level language that can be
compiled to produce executable or non-executable machine
code. Further, instructions also can be realized as or can
include data. Computer-executable istructions also can be
organized 1n any format, including routines, subroutines,
programs, data structures, objects, modules, applications,
applets, functions, etc. As recognized by those of skill in the
art, details including, but not limited to, the number, struc-
ture, sequence, and organization of instructions can vary
significantly without varying the underlying logic, function,
processing, and output.

While the above discussion primarily refers to micropro-
cessor or multi-core processors that execute soltware, one or
more 1mplementations are performed by one or more inte-
grated circuits, such as application specific integrated cir-
cuits (ASICs) or field programmable gate arrays (FPGAs).
In one or more implementations, such integrated circuits
execute structions that are stored on the circuit itsellf.

Those of skill 1n the art would appreciate that the various
illustrative blocks, modules, elements, components, meth-
ods, and algorithms described herein may be implemented
as electronic hardware, computer software, or combinations
of both. To 1llustrate this interchangeability of hardware and
software, various 1illustrative blocks, modules, elements,
components, methods, and algorithms have been described
above generally 1n terms of their functionality. Whether such
functionality 1s i1mplemented as hardware or software
depends upon the particular application and design con-
straints imposed on the overall system. Skilled artisans may
implement the described functionality in varying ways for
cach particular application. Various components and blocks
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may be arranged differently (e.g., arranged in a different
order, or partitioned in a different way) all without departing
from the scope of the subject technology.

It 1s understood that any specific order or hierarchy of
blocks 1n the processes disclosed 1s an 1illustration of
example approaches. Based upon design preferences, 1t 1s
understood that the specific order or hierarchy of blocks in
the processes may be rearranged, or that all i1llustrated blocks
be performed. Any of the blocks may be performed simul-
taneously. In one or more implementations, multitasking and
parallel processing may be advantageous. Moreover, the
separation of various system components i the embodi-
ments described above should not be understood as requir-
ing such separation in all embodiments, and it should be
understood that the described program components and
systems can generally be integrated together in a single
software product or packaged into multiple software prod-
ucts.

As used 1n this specification and any claims of this
application, the terms “base station”, “receiver”, “com-
puter”, “server”’, “processor’, and “memory”’ all refer to
clectronic or other technological devices. These terms
exclude people or groups of people. For the purposes of the
specification, the terms “display” or “displaying” means
displaying on an electronic device.

As used herein, the phrase “at least one of” preceding a
series ol 1items, with the term “and” or “or” to separate any
of the i1tems, modifies the list as a whole, rather than each
member of the list (1.e., each item). The phrase “at least one
of” does not require selection of at least one of each item
listed; rather, the phrase allows a meaning that includes at
least one of any one of the 1tems, and/or at least one of any
combination of the 1items, and/or at least one of each of the
items. By way of example, the phrases “at least one of A, B,
and C” or “at least one of A, B, or C” each refer to only A,
only B, or only C; any combination of A, B, and C; and/or
at least one of each of A, B, and C.

The predicate words “configured to™, “operable to”, and
“programmed to” do not imply any particular tangible or
intangible modification of a subject, but, rather, are intended
to be used interchangeably. In one or more implementations,
a processor configured to monitor and control an operation
or a component may also mean the processor being pro-
grammed to monitor and control the operation or the pro-
cessor being operable to monitor and control the operation.
Likewise, a processor configured to execute code can be
construed as a processor programmed to execute code or
operable to execute code.

Phrases such as an aspect, the aspect, another aspect,
some aspects, one or more aspects, an implementation, the
implementation, another implementation, some 1mplemen-
tations, one or more implementations, an embodiment, the
embodiment, another embodiment, some embodiments, one
or more embodiments, a configuration, the configuration,
another configuration, some configurations, one or more
configurations, the subject technology, the disclosure, the
present disclosure, other variations thereof and alike are for
convenience and do not imply that a disclosure relating to
such phrase(s) 1s essential to the subject technology or that
such disclosure applies to all configurations of the subject
technology. A disclosure relating to such phrase(s) may
apply to all configurations, or one or more configurations. A
disclosure relating to such phrase(s) may provide one or
more examples. A phrase such as an aspect or some aspects
may refer to one or more aspects and vice versa, and this
applies similarly to other foregoing phrases.
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The word “exemplary” 1s used herein to mean “serving as
an example, instance, or illustration.” Any embodiment
described herein as “exemplary” or as an “example” 1s not
necessarily to be construed as preferred or advantageous
over other embodiments. Furthermore, to the extent that the
term “include,” “have,” or the like 1s used in the description
or the claims, such term 1s intended to be inclusive 1n a
manner similar to the term “comprise” as “comprise” 1s
interpreted when employed as a transitional word 1n a claim.

All structural and functional equivalents to the elements
of the various aspects described throughout this disclosure

that are known or later come to be known to those of

ordinary skill 1n the art are expressly incorporated herein by
reference and are intended to be encompassed by the claims.
Moreover, nothing disclosed herein 1s intended to be dedi-
cated to the public regardless of whether such disclosure 1s
explicitly recited in the claims. No claim element 1s to be
construed under the provisions of 35 U.S.C. § 112, sixth
paragraph, unless the element 1s expressly recited using the
phrase “means for” or, in the case of a method claim, the
clement 1s recited using the phrase “step for.”

The previous description 1s provided to enable any person
skilled 1n the art to practice the various aspects described
herein. Various modifications to these aspects will be readily
apparent to those skilled in the art, and the generic principles
defined herein may be applied to other aspects. Thus, the
claims are not intended to be limited to the aspects shown
herein, but are to be accorded the tull scope consistent with
the language claims, wherein reference to an element in the
singular 1s not mtended to mean “one and only one” unless
specifically so stated, but rather “one or more.” Unless
specifically stated otherwise, the term “some” refers to one
or more. Pronouns in the masculine (e.g., lis) include the
feminine and neuter gender (e.g., her and 1ts) and vice versa.
Headings and subheadings, if any, are used for convenience
only and do not limit the subject disclosure.

What 1s claimed 1s:

1. A machine-implemented method for a data storage
system comprising a first controller and one or more second
controllers, the machine-implemented method comprising:

capturing a first command at the first controller using a

first port of the first controller;
transmitting the first command from the first controller to
a second controller coupled to the first controller using
a second port of the first controller;

determining, by the first controller, whether the first
controller 1s responsible for a first portion of data
associated with the first command and whether the
second controller 1s responsible for a second portion of
the data associated with the first command;

executing, by the first controller, the first command for the
first portion of the data; and

executing, by the second controller, the first command for

the second portion of the data,

wherein:

the second controller 1s one of the one or more second

controllers and 1s diflerent from the first controller;

a bandwidth of the first port 1s split among the first

controller and the one or more second controllers:

the bandwidth of the first port 1s higher than a bandwidth

of the second port; and

the second controller skips determining whether the sec-

ond controller i1s responsible for the second portion of
the data.

2. The machine-implemented method of claim 1, wherein
cach of the first controller and the second controller utilizes
less than an entirety of the bandwidth of the first port.
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3. The machine-implemented method of claim 1, com-
prising:

transmitting the first command to the second controller 1n
response to determiming that the second controller is
responsible for the second portion of the data; and

providing an indication that execution of the first com-
mand 1s completed 1n response to the second controller
completing execution of the first command.

4. The machine-implemented method of claim 3, wherein
determining, whether the second controller 1s responsible for
the second portion of the data associated with the first
command, comprises:

determining a logical address of the data associated with
the first command; and

comparing the logical address to a logical address range
associated with the second controller,

wherein a logical address of the second portion of the data
1s within the logical address range, and

wherein the machine-implemented method comprises:
altering the first command based on the logical address
range, wherein the altered first command 1s transmitted
to the second controller.

5. The machine-implemented method of claim 3, wherein
determining, whether the second controller 1s responsible for
the second portion of the data associated with the first
command, comprises:

determiming a logical namespace of the data associated
with the first command; and

comparing the logical namespace of the data with a
logical name space associated with the second control-
ler, and

wherein the logical namespace of the second portion of
the data satisfies the logical name space associated with
the second controller.

6. The machine-implemented method of claim 1, wherein
the first controller comprises an iternal interface for receiv-
ing the first command or a second command for execution,
and wherein the bandwidth of the first port 1s equal to or
greater than a sum of a bandwidth of the mternal interface
and the bandwidth of the second port.

7. A data storage system, comprising:

a first controller and one or more second controllers,

wherein;

the first controller 1s configured to receirve a first com-
mand using a first port of the first controller and
configured to transmit the first command to a second
controller using a second port of the first controller;

the second controller 1s one of the one or more second
controllers and 1s different from the first controller;

a bandwidth of the first port 1s configured to be split
among the first controller and the one or more second
controllers:

the bandwidth of the first port 1s higher than a bandwidth
of the second port;
the first controller 1s configured to determine whether the

first controller 1s responsible for a first portion of data

associated with the first command and whether the
second controller 1s responsible for a second portion of
the data associated with the first command;

the first controller 1s configured to execute the {irst
command for the first portion of the data;

the second controller 1s configured to execute the first
command for the second portion of the data; and

the second controller 1s configured to skip determining
whether the second controller 1s responsible for the
second portion of the data.
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8. The data storage system of claim 7, wherein each of the
first controller and the second controller 1s configured to
utilize less than an entirety of the bandwidth of the first port.

9. The data storage system of claim 7, wherein the first
controller 1s configured to cause:

transmitting the first command to the second controller 1n

response to determining that the second controller 1s
responsible for the second portion of the data; and
providing an indication that execution of the first com-
mand 1s completed 1n response to the second controller
completing execution of the first command.

10. The data storage system of claim 9, wherein deter-
mimng, whether the second controller 1s responsible for the
second portion of the data associated with the first com-

mand, comprises:

determining a logical address of the data associated with

the first command; and

comparing the logical address to a logical address range

assoclated with the second controller, and

wherein a logical address of the second portion of the data

1s within the logical address range.

11. The data storage system of claim 10, wherein the first
controller 1s configured to cause:

altering the first command based on the logical address

range; and

transmitting the altered first command to the second

controller.

12. The data storage system of claim 9, wherein deter-
mimng, whether the second controller 1s responsible for the
second portion of the data associated with the first com-
mand, comprises:

determining a logical namespace of the data associated

with the first command; and

comparing the logical namespace of the data with a

logical name space associated with the second control-
ler, and

wherein the logical namespace of the second portion of

the data satisfies the logical name space associated with
the second controller.

13. The data storage system of claim 9, wherein the
second controller 1s configured to cause:

receiving the first command using a first port of the

second controller;

executing the first command for the second portion of the

data; and

providing an indication that the first command 1s com-

pleted for the second portion of the data.

14. The data storage system of claim 7, wherein the first
controller comprises an 1internal interface configured to
receive the first command or a second command for execu-
tion, and wherein the bandwidth of the first port 1s equal to
or greater than a sum of a bandwidth of the internal interface
and the bandwidth of the second port.
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15. The data storage system of claim 7, wherein the first
controller 1s configured to cause:

recerving an indication that execution of the first com-
mand by the second controller 1s completed; and

providing a notification to a host 1 response to the
received 1ndication.

16. The data storage system of claim 7, wherein:

the second controller comprises a configuration setting;
and

the configuration setting of the second controller 1s con-
figured to designate the second controller to skip the
determining.

17. The data storage system of claim 7, wherein:

cach of the first controller and the second controller

comprises registers;

the first controller 1s configured to assess one or more of
the registers of the second controller;

the second controller 1s configured to assess one or more
of the registers of the first controller; and

the second controller 1s configured to update a status of
the first command in the first controller.

18. The data storage system of claim 7, wherein:

the first controller 1s visible to a host that has provided the
first command to the first controller; and

the second controller 1s 1nvisible to the host.

19. An apparatus, comprising:

means for capturing a first command at a first controller
using a first port of the first controller;

means for transmitting the first command from the first
controller to a second controller coupled to the first
controller using a second port of the first controller;

means for splitting a bandwidth of the first port among the
first controller and one or more second controllers:

means for determining, at the first controller, whether the
first controller 1s responsible for a first portion of data
associated with the first command and whether the
second controller 1s responsible for a second portion of
the data associated with the first command;

means for executing, at the first controller, the {first
command for the first portion of the data;

means for executing, at the second controller, the first
command for the second portion of the data; and

means for skipping determining, at the second controller,
whether the second controller 1s responsible for the
second portion of the data,

wherein;

the second controller 1s one of the one or more second
controllers and 1s different from the first controller; and

the bandwidth of the first port 1s higher than a bandwidth
of the second port.

20. The apparatus of claim 19, wherein each of the first

controller and the second controller 1s configured to utilize
less than an entirety of the bandwidth of the first port.
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